A procedure, based on numerical models is proposed to investigate the processes involved during conditions of extreme water levels within the outer Elbe estuary at the German North Sea coast. Nonlinear interactions between the different processes are analyzed and adverse combinations are simulated yielding new scenarios. Various conditions in the astronomical tide, three major storm events over the North Sea, several external surges and an increase in the mean sea level are analyzed. Techniques for the modeling of each of the isolated processes are developed and individually verified. The isolated processes are temporally shifted relative to each other and superimposed in various combinations. The results obtained from the present method, provide new insights into the nonlinear interactions between the involved processes. Generally, the effects of the processes seem to be reduced in superpositions with high absolute water levels. However, due to the large scatter of the results no general relations are found. New extreme scenarios are determined by iterative maximizations of the peak water level of different superpositions around spring high tide.
INTRODUCTION
The most relevant processes contributing to significant water level variations at the German North Sea coast are the tides, wind surges generated by storms over the North Sea and external surges, generated on the Northeast Atlantic (Siefert, 1998 , Gönnert, 1999 , 2003 . If these processes occur in adverse combinations their effects might accumulate to scenarios of extremely high water levels.
The aim of this study is to provide new insights into the nonlinear interactions beween the different processes and to determine adverse process combinations. The investigations are carried out using process based numerical models and thus complement the concurrent empirical analysis of the nonlinear superposition of extreme events (Gönnert et al., 2010a & b) . In empirical methods it is difficult to clearly identify the nature of the involved interactions. With the advancements in the field of numerical modeling, the water levels during extreme weather conditions can nowadays be reproduced rather well. Past storms can be reconstructed and the relative importance of the individual contributions leading to high water levels can be estimated. Deterministic models account for nonlinearities in the interactions between the involved processes and are therefore suitable tools to investigate these interactions and to simulate adverse process combinations, yielding extreme and consistent scenarios.
An existing modeling system, covering the entire North Sea and parts of the Northeast Atlantic, has been modified to cope with the requirements of the task. The extensive verification of the original model is described by Mayerle et al., 2005 , confirming its adequacy in hindcasting water levels for a wide range of conditions typical to the site in question. This study is focused on the Station of Cuxhaven located at the mouth of the Elbe estuary. Techniques for the isolated modeling of each of the contributing processes are developed and verified. To investigate the mutual interactions, the processes are overlaid in various combinations. The most adverse superpositions lead to new scenarios of extreme water levels. The effects of an increase in the regional mean sea level on the local water level in Cuxhaven and its interaction with the other processes are also analyzed.
AREA OF INTEREST AND MODEL SYSTEM
The area of investigation is the German North Sea coast with focus on the conditions at the Station of Cuxhaven located at the mouth of the Elbe River some 100km from Hamburg ( Fig.1) . In order to capture the large scale processes, that are responsible for significant water level changes in Cuxhaven, an existing model system covering the North Sea and parts of the Northeast Atlantic is used. Fig. 1 shows the spatial coverage of the applied downscaling scheme of the depth-integrated flow models. The modeling system is based on the Delft3D software due to Delft Hydraulics (Lesser et al., 2004) and consists of 3 sequentially nested models in two different resolutions.
Fig. 1. Investigation area and model domains
The two larger models of the North Sea and the Northeast Atlantic have the same resolution of around 10km and are based on an enhanced version of the Continental Shelf Model (CSM), set up by Verboom et al. (1992) . The original CSM was split to enable simulations of the isolated effects of storm and external surges and to overlay them. Storm surges over the North Sea are modeled with the North Sea Model whereas external surges are simulated in the NE-Atlantic Model and passed as boundary conditions to the North Sea model. The German Bight model (GBM) is nested in the North Sea Model to increase the resolution along the German coastline to around 1km. The original nesting sequence of Continental Shelf and German Bight models has been validated extensively elsewhere (Mayerle et al., 2005) . The verifications of the isolated process simulations performed in this study are described in the corresponding paragraphs below.
METHOD
The most relevant processes contributing to significant water level variations within the outer Elbe estuary are tides, surges generated by storm events over the North Sea and surges originated in the Northeast Atlantic, called external surges (Gönnert, 2003) . The influence of the Elbe river discharge is negligible in the outer parts of the estuary (Rudolph, 2005) . In other words extremely high water levels on the German North Sea coast are always caused by an adverse combination of tides and surges. In this study the different contributing processes are decoupled, modeled individually and superimposed in variable combinations. The investigations cover representative tidal conditions, three major storm events over the North Sea, several external surges formed on the Northeast Atlantic and an increase in the mean sea level due to global warming. The modification of the existing CSM was done in a way to allow for simulations of individual processes and for a flexible overlay of different process combinations. All model based realizations of single processes are verified individually by comparison with measurements, empirical data or astronomic tide predictions. The peaks of wind set up and external surges are temporally shifted and overlaid with the tide. Simulations with different combinations of processes are used to analyze the nature of their mutual interactions. Due to the nonlinearity of the interactions between the processes most adverse superpositions are obtained by Delft3D (Lesser et al., 2004) Nesting chain of 2DH flow models:
Continental Shelf Model ~10km (Verboom et al., 1992) -NE-Atlantic -North Sea German Bight Model ~900m
iterating the temporal shifts around an average spring high tide. Extreme scenarios are simulated with and without the effects of an increased mean sea level. In the following, the different techniques of modeling individual processes and the verification of each of the corresponding modeling techniques are described. Then the interactions of each process with the tide and the interactions between all processes are discussed. Finally the iterative approach leading to scenarios of high water levels is presented and the most extreme scenarios are compared to the recorded events.
MODELING OF INDIVIDUAL PROCESSES

Astronomical tide
The semidiurnal tide (~12.5h) of the North Sea has nowadays a mean amplitude of ~3m in Cuxhaven. The mean high tide is around 1.5m above German datum (NN) with an increase of up to 0.6m during spring tide. For the modeling of the pure tide, astronomical forcing, in the form of 10 spatially variable harmonic constituents, is applied along the open sea boundaries of the NE Atlantic model (Fig.2) . No transfer of momentum from the atmosphere is considered. In this way the pure tide is modeled for the entire year of 1999. In the left hand side of Fig. 2 the performance of the model is verified by comparing the simulated high and low tides with astronomic predictions of the Federal Maritime and Hydrographic Agency of Germany (BSH) for the station of Cuxhaven. The coefficients of the linear fit and the standard deviation of the differences represent a good model performance. Out of the modeled year of 1999 one representative tidal period was selected as it includes the local tidal conditions of mean low tide (-1.5mNN), mean high tide (1.5mNN) and an average spring high tide (1.85mNN). This "average tide" of 14. August 1999 (c.f. Fig.5-7) is used throughout the further study to analyze the superpositions with the other processes. There are different predictions for the increase of the mean seal level (MSL) due to global warming within the 21 rst century (Meehl et al., 2007) . In this study the effects of an increase of the mean sea level of 0.5m and 1m are investigated, covering roughly the mean and the upper limit of the predictions. The simulations of an increased MSL are done by adding a constant value (0.5m or 1m) to the MSL of the open sea boundaries of the Northeast Atlantic model. The increase of the MSL is assumed as spatially constant along the open boundary sections. Since only extreme events during short periods of time are analyzed here, the MSL is considered to be temporally constant throughout the simulations.
Storm surges
Storm surges at the southeastern German North Sea coast are produced by strong winds (>25m/s) over the North Sea with a prevailing direction between North and West (Jensen & Müller-Navarra, 2008) . Storm surges can be strongly variable both, in duration and peak water level, depending on the triggering meteorological situation (e.g. prolonged strong winds with constant direction or small fast moving intense low-pressure cyclones).
Recorded surges at Cuxhaven range up to 4.3m during low tide and 3.7m during high tide. Three relevant storm events, leading to significant surges at Cuxhaven, are focused on: the event of Feb. 1967, with the highest recorded surge (occurring at low tide), the event of Jan. 1976 with the highest measured absolute water level when the peak of the surge occurred close to high tide and the more recent storm of Dec. 1999. To reproduce the hydrodynamic situation of each storm the available data repository of meteorological hind casts from different sources is screened for suitable sets. After simulating the water levels with all available data sets the most suitable ones for the reproduction of the storm surges in Cuxhaven are selected. The best weather scenarios for the two earlier storms are identified among the meteorological ensembles, generated in the MUSE project (Koziar & Renner, 2005) . The more recent lesser storm surge of Dec. 1999 could be best reproduced using data from the PRISMA dataset (Luthardt, 1987) . Fig. 3 shows the verification of the three hydrodynamic storm reproductions. First the pure astronomical tide was simulated for each period. The black lines (dotted and solid) show the simulated and the astronomically predicted tide at Cuxhaven. The agreement between modeled and astronomically predicted tidal water levels at the Station Cuxhaven is good for the periods in 1999 and 1976. The reconstruction of the tide in 1967 shows a certain vertical offset. This might be caused by differences between the implemented model bathymetry and the actual bathymetry in 1967.
To ensure comparability, all simulations are done with the same model bathymetry which is based on a data compilation around the year 2000.
The storm events are then simulated by driving the entire model system (CSM+GBM) with the selected meteorological data sets and the tide. The blue lines in Fig. 3 show the comparison of the measured and simulated water levels in Cuxhaven. The red lines represent the surges, determined as difference between absolute water level (blue) and tide (black). At the beginning of the '76 storm and after the peak of the '99 storm the simulated surges deviate from the observations (measurements -astr. pred.). Nevertheless, considering that the used meteorological data sets are not validated reanalysis of the events but rather selected as 'best suitable' from the available data repository, the overall hydrodynamic reconstructions of the storm events can be regarded as satisfactory. As will be seen later, it is important to notice, that the three storm surges are of significant differences both, in their peaks and in their temporal course.
Observed surges are determined as difference between measured water level and astronomically predicted tide and may contain the effects of external surges. For the next steps of this study pure storm surges are modeled individually only depending on the meteorological condition within the North Sea. The isolated modeling of storm surges is simulated by applying the transfer of momentum from the atmosphere only within the domain of the North Sea model (spatial plot in Fig.3 ). In simulations were effects entering from outside (tides, external surges) are superimposed with storm surges, these effects are introduced via the boundary conditions at the open boundaries of the North Sea model.
External surges
Another process which can contribute to a considerable increase in the near shore water levels at the German North Sea coast is the so called "external surge". External surges are disturbances to the water level, generated by meteorological impact outside the North Sea. In the deep waters of the North Atlantic such disturbances are mainly induced by fast moving systems of strong air pressure gradients. Over the shallower waters of the continental shelf the influence of the wind becomes predominant (Bork & Müller-Navarra, 2006) . External surges enter the North Sea as long waves, mostly through the northern boundary between Scotland and Norway and propagate inside the North Sea comparable to the tides, however with smaller amplitude. Their average travel time between northern Scotland and the mouth of the Elbe River is around 13 hours (Gönnert, 2003) .
To identify external surges from records of water levels, the effects of tides and surges driven by wind within the North Sea have to be filtered out. In the case of the tides, astronomical predictions are subtracted from the measurements. To eliminate wind driven surges empirical relationships between measured wind and recorded surges are used (Müller-Navarra & Giese, 1999) . In this way several external surges of up to ~1.1m amplitude have been identified in Cuxhaven for the 24 years period between 1971 and 1995 (Gönnert, 2003) . Based on this data several surges have been selected for the verification of the model based realization of this process.
Isolated external surges are simulated by imposing meteorological hind casts of the PRISMA dataset (Luthardt, 1987) over the NE-Atlantic for the periods of the selected surges. The wave, generated in the NE-Atlantic, is allowed to propagate freely within the North Sea with no further transfer of momentum from the atmosphere (spatial plot in Fig.4) . On the left side of Fig. 4 three simulated surges are compared exemplary to the observed data at the stations Aberdeen and Cuxhaven. The observed surges at both stations are derived from water level measurements by the abovementioned filtering process.
Several uncertainties are involved in the verification of the applied technique. There are uncertainties in the empirical determination of external surges, uncertainties about the accuracy of the meteorological hind casts and about the influence of the model extent into the North Atlantic. Nevertheless the travel time of the surge between Aberdeen and Cuxhaven is reproduced and the shape and peak of the surges show a good agreement with the observations as well. This confirms the validity and robustness of the applied technique despite all uncertainties. The highest modeled external surge of December 1990 is selected for the further investigations. 
INTERACTIONS WITH TIDE
Each of the above described individual processes are superimposed with the tide and the resulting water levels at Cuxhaven are analysed to identify the nature of the interactions.
Increased mean sea level (MSL)
To investigate the effects of an increased mean sea level (MSL), the entire year of 1999 was simulated applying a MSL of 0mNN, 0.5mNN and 1mNN. An increase in the MSL, modeled by raising the water levels at the open model boundaries in the Northeast Atlantic by a constant value, does not lead to a constant increase of the near shore water level at the German coast.
The top of Fig. 5 shows the three simulated time series of the water level in Cuxhaven for four days around the representative tide in Aug.'99 and the differences with respect to the simulation with MSL 0m (y-axis on the right). In the lower panel the differences are plotted against the tidal water level of MSL 0m for the entire year of 1999. The differences are not constant and the variation is moreover larger for a higher MSL. The increase of the local water level ranges between ~0.4m and ~0.6m for a MSL of 0.5m and between ~0.75m and ~1.25m for a MSL of 1m. There is always a short peak at the beginning of the flood phase indicating the interaction with the tidal phase. At low tide the increase is always below the mean whereas at high tide it is above (black dots in Fig. 5 ). This means, that the local tidal amplitude gets larger. For a MSL of 0.5m the highest rise of the local water level at Cuxhaven occurs close to high tide.
The tendency of a local increase in the amplitude accompanying a rise of the MSL is confirmed by the analysis of long term measurements of the water level at Cuxhaven. A stronger rise of the mean high tide compared to the increase of the mean low tide is observed (Mudersbach & Jensen, 2006) . 
Storm surges
To investigate the interactions between the tide and storm surges, the wind-and air pressure fields of the three storm events described above are temporally shifted and superimposed with the tide. Each of the storms is shifted to different positions within the representative tidal period of Aug. '99. Several shifts with an hourly increment were performed in such a way, that the temporal occurrences of the peaks of the surges cover the entire period of ~14 hours of the representative tide (Fig.6 top) . The tide is generated in the NE-Atlantic model and passed as boundary conditions to the North Sea model where wind-and air pressure fields are imposed thus overlaying surge and tide.
The top of Fig. 6 shows the resulting surges in Cuxhaven exemplary for the storm of '67. Each grey line represents the surge of one simulation, determined by subtracting the representative tide from the absolute water level of the superposition. The 14 storm surges in Fig. 6 differ in their peaks as well as in their shape (temporal development). This is observed for the other two storms as well. The main objective here is to determine the interaction between the maximum surge height and the tidal water level. To that end the maximum surge height at any time along the representative tide is determined as the upper envelope of all surges (black line Fig.6 ).
It should be mentioned, that if the peak of a 'standalone surge' is shifted to a certain time and overlaid with the tide, the resulting surge (after subtraction of the tide) might show the peak at a slightly different time. Another aspect of the 'upper envelope' is that the surge of a shift, being the highest surge at one time and constituting the point of the envelope at this time, might be even higher (but maybe not the highest), at another time. This does however not interfere with the following statements that are based on the analysis using the 'upper envelope' approach and is only mentioned to clarify the meaning of the 'upper envelope'. The 'upper envelope' is the highest possible surge at any time within the representative tidal period, produced by one storm occurring at any of the hourly temporal shifts.
The two lower panels of Fig. 6 show the upper envelopes of the surges of each of the three storms together with the tidal water level (y-axis on the right). In the middle panel the absolute values of the envelopes are plotted, in the lower panel all envelopes are normalized by their maximum. Again, as for an increased MSL, all three storm surges show a short but distinct increase at the beginning of the flood phase. Their interactions with the tide depend also on the tidal phase and not only on the absolute tidal water level. Generally, the surges are higher, if they occur close to low tide compared to high tide. The amount of reduction, when shifted from low tide to high tide is however variable between the three storms, suggesting a dependency on the type of the storm. The reduction seems to be stronger for short storms ('67 and '99) and for high surges ('76). The comparatively long duration of the '76 storm (Fig.3) leads to the smallest variation of the interaction with the tide. The maximum of the surge is reached twice during the flood phase, at the beginning and close to the end, shortly before high tide.
External surge
For the selected external surge of Dec. '90 the same 14 hourly shifts as for the storms are performed within the period of the representative tide. The meteorological fields are applied over the NE-Atlantic superimposing external surges and tide. Within the North Sea no further transfer of momentum from the atmosphere is considered. Again the highest surge at any time along the representative tide is determined as upper envelope of all shifted surges. Fig. 7 shows the upper envelope of the external surge (solid black line), normalized by its maximum of around 0.9m. A short increase at the beginning of the flood phase is again visible. In contrast to the surges, produced by storms over the North Sea, the local effect of external surges is higher at high tide compared to low tide. The smallest external surge of only 70% of the maximum appears after a fast drop during the ebb phase.
Summary of the individual interactions with the tide
In Fig. 7 the highest effects (upper envelopes) of all processes are plotted together in normalized form. The two dotted lines of the effects of an increased MSL are the normalized differences of Fig. 5 within the period of the representative tide. The gray band represents the span of the effects of the three storms. Increased MSL and external surge show similar interactions with the tide. They lead to a higher increase of the local water level in Cuxhaven close to high tide. Storm surges lead to a higher increase close to low tide and their effect at high tide shows a large variation depending on the type of storm.
Common to all interactions is the short but distinct increase of the effects at the beginning of the flood phase.
In the theory of stationary wind set up, the height of the wind set up is not only a function of the wind shear stress at the sea surface but also of the bottom roughness. The roughness is slowing down the near bottom back flow which is compensating the wind driven surface currents. A deceleration of the back flow supports the piling up of wind driven surges. According to this theory the wind set up is higher in shallow water where there is less space for backflow and the compensating current is affected stronger by the bottom roughness. This might partly explain the identified interaction patterns between storm surges and the tide. During the flood phase the tidal current is directed onshore and thus acting against the compensating current which leads to the increase of the wind set up. This is observed in all three storms. According to the stationary theory the offshore currents of the ebb phase reduce the wind surge by supporting the bottom close backflow. For the comparatively long and thus 'more stationary' surge of '76 this is observed (Fig. 6) . The other two shorter storm surges do not show such a clear sensitivity to the ebb phase. This underlines the influence of the type of the storm. It is moreover interesting to notice, that the storm with the highest 'standalone surge' ('67) is not the one leading to the highest absolute water level when superimposed with high tide (c.f. addition of surge and tide in middle panel of Fig. 6 ). The results suggest no uniform relation in the interactions between tide and storm surges, which cover any type of storm. astr. tide storm surges external surge msl 0.5m msl 1m
Fig. 7. Interactions of all processes with the tide
The theory for stationary wind set up does not apply for the other two processes of an increased MSL and external surges. In this processes there are no pronounced vertical circulation patterns. Still the interactions of these processes with the tide show an even stronger dependency on the tidal phase. In the case of an increased MSL the increase of the amplitude might be explained by the reduced effect of the bottom roughness. For higher water levels the retarding effect of the bottom roughness onto the tidal currents is reduced. The resulting higher tidal currents can transport a larger water volume and lead to a higher tidal amplitude near the coast. External surges of long period seem to interact similarly with the tide.
INTERACTIONS BETWEEN PROCESSES
To identify interactions not only with the tide but between all processes, different process combinations are simulated. External surge and tide are passed to the North Sea model in the form of boundary conditions and there overlaid with each of the three Storms. Due to the potentially large number of simulations the superpositions of different process combinations are performed only for the three representative tidal conditions of mean low tide, mean high tide and mean spring high tide out of the representative tidal period. The following combinations of processes are simulated: The simulations indicated in italic font are discussed above. The other superpositions are performed for each of the three storms with the peaks of storm-and external surges shifted to the three mentioned tidal conditions. Individual components of the total water level, corresponding to the effects of each involved process, are determined by subtracting the water levels of different simulations. As an example, the component of the external surge E in the superposition of T_msl_S_E is determined as: E = T_msl_S_E -T_msl_S. In Fig. 8 all individual components are plotted against the absolute water levels of the corresponding superpositions. The different processes are distinguished by different symbols. The linear trends to the components of each of the processes suggest the tendency of a decreasing influence for an increasing absolute water level. The higher the absolute water level of the superposition the smaller the effects of each process. The amount of reduction seems moreover to be related to the magnitude of the components. The reduction of higher components (e.g. storm surge) is stronger.
In the above discussion of the interactions with the tide alone, it was observed, that the influences of an increased MSL and the external surge are higher at high tide. These components which are opposing the trend are included in the data of Fig. 8 and contribute to the scatter. The components of the storm surges show an even stronger scatter depending on the type of storm. The components considered here only represent the three tidal conditions of mean high tide, mean low tide and mean spring high tide. Above a peak of all effects was noted at the beginning of the flood phase. The scatter is therefore likely to increase even more, if other tidal conditions are included.
Another aspect worth mentioning is that the mathematical addition of all components (if > 2) of one superposition usually deviates from the absolute water level of the superposition (e.g. T + S + E ≠ T_S_E). The amount of deviation is moreover variable which underlines the nonlinearity of the interactions.
EXTREME SCENARIOS
To arrive at scenarios of extreme water levels in Cuxhaven, the different contributions which have been modeled individually are superimposed in most adverse combinations. Storm and external surges are temporally shifted relative to the tide in such a way, that the peaks coincide with the spring high tide of 14. Aug. '99. The surges, that result from the overlay with the tide show their peak however at a slightly different time compared to the shifted 'standalone surges' (c.f. chapter storm surges). This is due to the nonlinearity of the interactions between the contributions and appears in the superposition of both, storm surge and external surge with the tide. Therefore the most adverse superpositions, leading to the highest water levels, are determined by iterative shifts and overlays. Simulations with and without an increase in the mean sea level are performed.
In the superposition of storms and external surges the meteorological fields of the storms over the North Sea are combined with the meteorological fields of the external surge over the NE-Atlantic. This implies an actual discontinuity in the meteorological situation along the boundary of the North Sea. The justification for the proposed method is however based on the assumption, that the existence of a consistent weather scenario, which leads to the coincidence of a high external surge and a strong storm surge in Cuxhaven, is possible (Gönnert et al., 2010a) . The storm flood of February 1962, which had a devastating impact onto the German North Sea coast with more than 300 casualties, is such an example of the coincidence of storm and external surges.
Comparison of extreme scenarios to observed events
In Fig. 9 the extreme scenarios in terms of the most adverse superposition for each of the storms are compared to the original events. The water levels resulting from the superpositions of T_S, T_S_E and T_msl_S_E for a MSL of 0.5m are plotted. The 'superposition scenarios' do not have a real time reference (e.g. storm surge of Fe. '67 and external surge of Dec. '90 are shifted to the tide in Nov. '99). To enable a better visual comparison, the peaks of the scenarios are therefore positioned at the time of the peak of the original event. It can be seen that the peak water levels of the scenarios are significantly increased compared to the original events. According to the local storm surge classification of BSH, events with water levels above 5mNN are considered in the highest category as 'very severe storm flood'. Of the original storms only the event of 1976 reaches a peak water level of 5.1mNN. All new scenarios reach this class limit and all superpositions including the external surge exceeded it by at least ~75cm. If the duration of one event is roughly defined as the time between the troughs before and after the peak, the durations of the new scenarios are similar to the original events. The time of exceedence of extreme water levels is however naturally different.
Out of the new scenarios the superposition of the storm surge of Jan. '76 with the external surge of Dec. '90 and the mean spring high tide of Nov. '90 leads to the highest water level in Cuxhaven. This shows, that it is not the storm of the highest 'standalone surge' of Feb. '67 which leads to the highest scenario when superimposed with the other processes. This is probably due to the distinctive interaction of the comparatively long storm surge of '76 with the tide. Despite the iterative maximization of the water level peaks to spring high tide, the actual highest water levels of the scenarios appear ~30min before spring high tide. This again is due to the nonlinear interactions between the processes.
CONCLUSIONS
Process based numerical models have been used to investigate the superposition of different causes that lead to high water levels at the German North Sea coast. The following are the conclusions:
• Processes, that contribute to high water levels in Cuxhaven, like storm surges, external surges, tides and an increase in the MSL are decoupled and modeled individually. Each modeling technique is verified successfully.
• From the overlay of each process with the tide, it is found, that the tidal phase (flood or ebb) has a strong influence on the interactions. The effects of all processes show a short but distinct increase at the beginning of the flood phase. An increase in the MSL and the external surge lead to a higher increase of the local water level in Cuxhaven close to high tide. Storm surges lead to a higher increase close to low tide and their effect at high tide shows a large variation depending on the type of storm.
• The interactions of different process combinations are analyzed for the three tidal conditions of mean low tide, mean high tide and mean spring high tide. The results indicate that there is a relationship between the effects of each process and the absolute water level of the corresponding superposition. For higher absolute water levels the individual effects are generally reduced. This is in agreement with the results of empirical studies (Gönnert et al., 2010a & b) . Effects of higher magnitude, e.g. the components of storm surges, are furthermore reduced stronger. The scatter of the results is however large and no generally applicable relations for the process interactions can be derived.
• The proposed method of a model based decoupling of individual processes and their adverse superposition leads to new, consistent and extreme scenarios. The highest water level at Cuxhaven is simulated with the superposition of the mean spring high tide of 14. Aug. '99, the storm surge of the storm of Jan. '76 and the external surge of Dec. '90. It is not the highest recorded storm surge of Feb. '67, which leads to the most extreme scenario when superimposed with the other processes.
• Return periods for the scenarios are yet unknown and concerning the absolute values of the peak water levels, uncertainties in the boundary conditions have to be considered. Still all new scenarios fall within the highest local storm surge classification and might be used for various tasks of storm impact assessment.
New insights into the nonlinear interaction between tides, surges and an increase in the MSL have been gained. New questions arose from the results and further investigations are envisaged to improve the general understanding. A better knowledge about the involved processes might also help to support other fields of study like the development of stochastic storm surge models (Wahl et al., 2010) , which in turn might be helpful in the determination of joint probabilities and return periods for the extreme scenarios described in this study.
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